We propose a method for the comprehensive identification of spastic and intrinsic properties of spastic knee joints using multiple pendulum tests. The stretch reflex system was modeled as a velocity feedback loop where the key component was the muscle spindle model generating the afferent signals with a constant threshold and gain of the lengthening velocity. For the comprehensive identification, multiple trajectories from one session of pendulum trials with different release angles were used as the reference trajectories that the model must reproduce. The identification was successful based on the results that the identified model represented the various features of pendulum trajectories and the simulated spastic torque closely matched the experimental EMG. The identified velocity threshold showed a remarkable correlation with the EMG duration and peak. The session-based method was effective in the identification of the spastic musculoskeletal system and the velocity threshold of the stretch reflex was suggested as a reliable and intuitive indicator of spastic severity.
Introduction
Spasticity, a motor disorder characterized by a velocity-dependent increase in tonic stretch reflexes with exaggerated tendon reflexes, is a well-recognized complication of stroke and results from hyperexcitability of the stretch reflex as one component of the upper motor neuron syndrome. (16) It occurs in 38 to 60% of patients surviving 12 months after a stroke, (31) although the prevalence figures vary between studies. (14) , (18) A quantitative assessment of spasticity is important for the evaluation of the effects of treatment interventions. The severity of spasticity is not easy to quantify, although the presence of spasticity is easy to recognize. Several biomechanical methods provide a quantification of spastic hypertonia by measuring joint resistance to passive mobilization. Among these techniques, linear or sinusoidal stretches of the relaxed spastic limb, i.e., external mobilization applied over a given range at a constant velocity using isokinetic dynamometers, have been used by various investigators. (14) , (19) , (22) , (23) , (27) Though these methods are straightforward and reliable, they requires multiple passive stretches for measure of the spastic torque response. The application of multiple stretches may itself decrease the spastic response depending on motion and/or time, which makes it difficult to evaluate the resting state of spasticity. The pendulum test is another biomechanical method of evaluating spasticity during passive swing of the lower limb. (30) It is easy to use, is specific to the quadriceps (an important muscle for functional activities), is simple in nature, and not intimidating to young children and individuals with cognitive impairment. (6) Katz et. al. (13) suggested that the pendulum test was a robust and practical measure of spasticity, with minimal variability in repeated measures and significant correlation with clinical scales such as (modified) Ashworth scales (MAS).
To improve the understanding of spasticity mechanism and the interpretation of pendulum trajectories, rigorous mathematical approaches have been proposed to evaluate spasticity using the pendulum test. (2) , (3), (5), (6) , (9), (11), (12) , (14), (15) The majority of the studies have modeled a spastic knee joint as a second-order system to describe the pendulum-like behavior. The spastic torque from the stretch reflex was added to the model as a velocity-dependent one, which caused the trajectory to deviate from a normal pendular appearance. The early researchers attempted to generate the abnormal stretch reflex responses through the variation of mechanical parameters4, (18) , (26) or the addition of pulse-shaped spastic torque at the EMG onset times. (29) These methods are useful in demonstrating how the abnormal stretch reflex responses could produce abnormal mechanical behavior in spastic patients. They cannot, however, predict which properties in the stretch reflex loop are responsible for the observed phenomina. (11) Subsequently, He et al. (11) , (12) described the spastic torque using a neuromusculoskeletal model, including the stretch reflex system and the musculotendon actuator. Cavorzin et al. (7) proposed a comprehensive model which generated spastic torque using unique threshold function. However, the studies focused on the investigation of the effect of the stretch reflex parameters and muscle mechanical parameters on biomechanical behavior rather than the estimation of the model parameters in each individual. Recently, for the identification of the intrinsic and spastic property using the pendulum test, Fee et al. (9) used three identical triplets who had very similar anthropometric dimensions and had different spastic grades. But this method is not widely applicable because it is hard to find healthy subjects whose limbs are weakened and who have similar anthropometric data to those of spastic patients. The purpose of this study was to develop a practical model and identification methodology of spastic and intrinsic properties of spastic knee joints using multiple pendulum tests for the intuitive assessment of spasticity. Referring to the definition of spasticity, (16) we represented the stretch reflex as a velocity feedback system which included a velocity threshold and a reflex gain. For the comprehensive identification of the intrinsic and spastic property in each individual, multiple pendulum tests were performed from different release angles to provoke various reflex responses and both properties were simultaneously identified using the multiple pendulum trajectories.
Method Participants
Ten male stroke patients (mean age = 54±10.1 yrs; range = 40-64 yrs) with spastic lower extremities were recruited from the rehabilitation inpatient unit. All patients met the following inclusion criteria: a documented history of stroke with lower limb spasticity, 1 or 1+ MAS grade, no major lower extremity joint pathology (such as joint replacements or rheumatoid arthritis), and ability to give informed consent. All experimental procedures were approved by the Institutional Review Board of Konkuk University Hospital, Korea. Vol. 6, No. 3, 2011 Pendulum test procedure Kinematic data were collected at 120Hz using EvaRT 4.4 with 16 Eagle digital cameras (Motion Analysis Co., Santa Rosa, CA, USA). Electromyographic data was collected at 1 kHz using a MyoSystem 1400 (Noraxon, USA Inc., Scottsdale, AZ, USA) with self-adhesive Ag/AgCl surface disc electrodes. An electrode was attached on the motor points of the rectus femoris, another electrode was attached on 4cm apart from the electrode and a reference electrode was attached over the patella after appropriate skin preparation. EMG signals were band pass filtered (20 to 250Hz), amplified (×500), and stored for further analysis.
In this study, we did not consider knee flexors because flexor EMG was rarely observed in mild spastic patients during the pendulum test. (17) A synchronization signal was transmitted contemporaneously to two separate pieces of equipment several second before the pendulum test for the later analysis. Fig.1 . Positioning of the participant and placement of EMG electrodes and markers.
As shown in Fig. 1 , the pendulum test was performed with the subject lying in the supine position, with the affected side knee joint at the edge of the testing bench. The contralateral leg was supported on the bench during the test. The participant's knee was passively extended to the predetermined release angle (90, 70, and 50 degrees by vertical line) by the examiner. Some participants could not extend the knee to 90 degree because of contractures, in which case the maximum leg segment angle was substituted 90 degrees. The participant was asked to relax and then the leg was released. Fifteen seconds of interval followed each pendulum test. Three sessions were repeated for each patient.
The relaxation index (RI) has been used as a means of quantifying the spasticity from a record of a pendulum test. (2) The RI is calculated as:
where, A 0 is the difference of the knee joint angle at the release position and at the final resting position, and A 1 is the maximum difference of the knee joint angle from the release position during the first swing. A limb with spasticity would have a RI value less than unity, and an extremity without spasticity would have a RI value greater than unity. Vol. 6, No. 3, 2011 Neuromusculoskeletal system model of spastic knee joint Fig.2 . Block diagram of the neuromusculoskeletal system model. The knee joint model, including stretch reflex, was developed as shown in Fig. 2 . The model consists of simple first-order muscle dynamics, second-order skeletal dynamics, the muscle spindle, and the time lag. The relaxation requirement during the pendulum test permits the assumption that supraspinal control is negligible. Fig.3 . Schematics of skeletal model for pendulum test. T s is the spastic torque. The passive torque (T p ) consists of elastic torque (τ e ), viscous torque (τ v ), and gravitational torque (τ g ) where m and I are the mass and moment of inertia of lower leg, respectively. and r is the distance from the joint to the lower leng's center of mass. θ is the segment angle of the lower leg and θ f is the flexion angle of the knee joint.
Musculoskeletal system
For the easy identification, the muscle model was simplified as a torque-generator. Although the detailed muscle model contains activation dynamics representing the calcium uptake/release dynamics and contraction dynamics coming from the force-length and the force-velocity property of the muscle, (34) we regarded the muscle dynamics as a simple first-order one:
where, a τ is the time constant (=40ms) (7) , ŝ is the quasi-EMG, and T s is the spastic torque from the muscle. The knee joint torque (counter-clock-wise as positive) consists of the passive torque (T p ) from the intrinsic properties of knee joint and the spastic torque (T s ) from the stretch reflex, so that the equation of motion can be represented as: 
where, the dot denotes differentiation, I is the moment of inertia of the lower leg calculated from the regression equation, (32) and θ is the segment angle of lower leg from the vertical axis (Fig. 3 ).
Intrinsic properties include elastic behavior of the musculotendinous system and viscous properties of the muscle and surrounding tissue (Fig. 3) . In general, passive torque around the knee joint during the pendulum test can be regarded as a summation of the passive elastic torque (τ e ), the passive viscous torque (τ v ), and gravitational torque:
where, the G is the gravity-related coefficient. In case of spastic patients, the mass and the center of mass of the lower extremity are difficult to calculate from the regression equation because the volume and force of the leg muscles are decreased due to atrophy. Hence, we regarded the G as a coefficient to be identified rather than each of m and r.
We used a non-linear damper model proposed by Riener (24) to represent the viscous property because the non-linear model obtained a closer correspondence between simulated and measured passive pendulum tests of normal subjects. 11 The viscous torque was represented as:
where, D is the damping coefficient and n is the linearity index. For n=1, the viscous property leads to the common linear relation, and the smaller n indicates the more non-linear property.
The elastic torque was modeled as to be generated by a non-linear stiffness element as (11) : 2 3 ( )
where, the k 1 , k 2 , and, k 3 are the elasticity-related constants.
Muscle spindle model and time lag
The well-known causes of spasticity are the decrease of the threshold of the stretch reflex or the hyperexcitability of an α-motor neuron, and/or the increase of the gain of the stretch reflex or the hypersensitivity of a muscle spindle. (13) , (22), (27) For the convenience of modeling and identification of spastic properties, both the threshold and gain were included in the muscle spindle model, and the α-motor neuron was represented as a sum operation of neuronal signal. (28) Despite the complex structure of the muscle spindle, it can be simplified to a gain of length and velocity information. (28) In the preliminary research, we confirmed that the identification of the muscle spindle model having both the length and velocity dependency is infeasible due to the redundancy of the features in generating the spastic torques. In the preliminary research, we confirmed that the stretch reflex was generated during extension phase and the amplitude of that was proportion to the velocity during pendulum test. A widely accepted definition of spasticity is a motor disorder characterized by a velocity-dependent increase in tonic stretch reflexes, (16) and the length dependency of spastic torque is often ignored in the literature.
(9) Therefore, we modeled the muscle spindle as having the velocity dependency only, with the hypothesis that the role of muscle length in the spastic torque can be ignored within acceptable accuracy as:
where, G s and th are the gain and the velocity threshold, respectively. The s is the output of the muscle spindle corresponding to Ia-afferent signals, which are generated when the velocity surpasses the threshold.
The time delay between the onset of the afferent signal from the muscle spindle and the onset of the muscle activation was expressed as pure time lag (t d = 30msec) (6) as:
Identification of model parameters
We designed a session-based identification scheme where the intrinsic and spastic properties were identified simultaneously using a series of pendulum test trajectories acquired from each session. The identification composed of multiple local searches. Local optimization where the initial values of the model parameters were randomly selected between the high and low boundary values was repeated until the NRMSE reached predetermined value or was not reduced anymore throughout 50 consequential local optimization. One local search (optimization) was accomplished by the sequential quadratic programming (SQP) method. (16) We defined the normalized root mean squared error (NRMSE) between the simulated and experimental pendulum trajectories as the cost function of optimization to make the simulated trajectories ( ∑ ∑ ∑ (6) where, N i is the number of data points in one trial and N t is the number of trials in each session (N t = 3).
The parameter, k3, was identified for each release angle, since the rest angle was slightly varied and the variation might produce large NRMSE accumulated during the end phase of the pendulum movement where there is little motion.
The pendulum trajectory is susceptible to the participant's relaxation level affecting voluntary muscle contractions, which can interfere with the limb's freedom to swing. (30) Among the experimental data of three sessions, only those of the second and third sessions were used for model identification, because there was a possibility that that participants might generate unintended voluntary muscle force during unfamiliar movements in the first session.
Statistical analysis
Associations between EMG and identified model parameters were calculated using Pearson's correlation and non-linear regression, depending on the nature of the relationship. If two variables had the same dimension, such as duration of the simulated spastic torque and the EMG, or had a direct relationship, such as peaks of them, Pearson's correlation was used. If the relationship of two variables was non-linear or not definable, such as identified parameters and EMG duration, and also if they had a significant correlation using Pearson's correlation, non-linear regressions were used to identify the relation between them, and the Vol. 6, No. 3, 2011 coefficient of determination (r 2 value) of the non-linear regression provided by SPSS was used as a measure of the relationship. Experimental and identified results from the second and third sessions were compared using paired t-test. ANOVA was used to examine the difference in experimental and identified results between subgroups that were classified. All statistical analysis was executed using Statistical Package for Social Sciences (SPSS) for windows. Differences and correlations at the level p<0.05 were considered statistically significant. Table 1 . Mean rest angle, RI, and EMG of the three groups * There was a significant difference between three groups. RA: release angle
Result Pendulum test responses
In experimental results of RI and EMG (Table 1) , some participants with MAS 1 exhibited nearly normal RI values of at least 1 and showed poor EMG activity during the pendulum test. For more detailed comparison, we classified participants with MAS 1 into two subgroups based on the EMG duration using K-mean cluster classification function from SPSS. Consequently, all participants were classified into three groups based on MAS and EMG duration. Fig. 4 shows typical pendulum trajectories of participant's. Three distinctive patterns can be observed in pendulum test response. The upper row shows angular displacement and the lower row shows the EMG superimposed on the knee joint angular velocity. In the first pattern (a), the maximum flexion angle of the first swing was higher than the rest angle, which was similar to the non-spastic trajectory. The mean RI of the first group was about 0.9 and they had a MAS grade 1 ( Table 1 ). The features of the second pattern (b) were that the maximum angle of the first swing was lower than the rest angle and that pronounced EMG burst was observed two or three times. The mean RI of the second group was about 0.6 and they had the same MAS grade with the first group. In the third pattern (c), a gradually increased maximum flexion angle was shown, and the mean RI was 0.5 and the MAS grade was 1+.
The mean rest angles of all participants were > zero (Table 1) , whereas the previous study about non-spastic subjects found that the rest angle of the subjects in the supine position was near zero. (5) From this result, we found that most participants had muscle contractures. 5 shows the experimental and simulated angular displacements in one session of experiments of two participants whose simulated trajectories had the smallest (0.03) and the greatest (0.23) NRMSE. And simultaneous identifications of intrinsic and spastic properties for all participants were successfully completed and the resulting NRMSE values were about 0.08, on average (Table 2) . Table 2 . NRMSE of the simulated trajectories from the identified models Eight parameters of the intrinsic model were identified using three pendulum trajectories with different release angles for each session of a participant. Table 3 summarizes, for each participant, the moment of inertia and the identified intrinsic parameters. All participants' identified gravitational coefficients (G) proportional to the mass of the lower extremity was smaller than those of the non-spastic subject, which was about 15kg m/s 2 . (8) , (10), (33) Most damping coefficients (D) and the elasticity-related constants (k 1 ) were higher than those of normal (0.23 and 0.17, respectively). (8) The rest angle in a session slightly varied with the release angle. Identified k 3 , which constrained the range of motion of the knee joint, showed a significantly high correlation with the measured rest angle (r = -0.7; p < 0.001). Table 3 . Identified intrinsic parameters of each session. The moment of inertia of each participant's leg calculated from the regression equation is also given.
Identification of the spastic knee joint model
The identified intrinsic parameters were not significantly different between the two sessions and between three groups. The intrinsic model parameters were not significantly correlated with the EMG duration and peaks sum, which implies that the intrinsic parameters are rather independent of the spastic muscle responses. Table 4 . Identified muscle spindle model parameters for each participant
The identified muscle spindle model parameters (velocity thresholds and gains) for all participants are summarized in Table 4 . The identified thresholds and gains were not different between the second and the third session (p=0.07 and p=0.25, respectively). This suggests that the second session had little effect on spastic properties in the third session. The threshold was statistically different (p<0.05), but the gain was not different (p=0.117) among the three groups. The thresholds were linearly correlated with the EMG duration and the peaks sum as r=-0.66 (p<0.01) and as r=-0.69 (p<0.01), respectively. 
Discussion
The pendulum test model including simple velocity feedback model could represent the various type of pendulum trajectories of stroke patients. In contrast to other sophisticated models which include a detailed muscle or muscle spindle model, (11) , (15) the proposed model represents the neuromuscloskeletal system as simple as possible on a physiologic basis. As shown in experimental result (Fig. 4) , stretch reflexes were generated when the extensor was lengthening, so we suggest that the velocity feedback model without any length information was reasonable and could represent the stretch reflex property well, in practical point of view. The proposed simple model provides an acceptable fit to various types of experimental pendulum trajectories and EMG patterns, and NRMSE of all participants were acceptable (Tables 2). It is expected that the more sophisticated model would be more accurate, but the model requires many parameters to describe the neuromusculoskeletal system, which makes the identification impractical. Moreover, intuitive understanding or evaluation of the system would be difficult even when the identification is successful because of the model complexity and the abundance of model parameters. Accordingly, a model that is simple but including major important features of the system is better in the aspects of the identification or the evaluation. The combination of multiple pendulum trajectories plays an important role in identifying both the intrinsic and spastic models at once. It is not easy to identify simultaneously both the intrinsic viscous properties and the velocity dependency of the muscle spindle because both have similar, but not the same velocity dependent characteristics. In this study, there was no significant difference in the intrinsic and spastic parameter values of the two sessions. This implies that the proposed method had good repeatability of identification of the spastic knee joint in spite of the redundant effect of intrinsic and spastic properties. On the assumption that the intrinsic property is invariant during a session, the combination of stretch reflex responses with different initial release angles provided more traces which can help isolate the spastic properties from the intrinsic property by imposing restrictions on the degree of freedom of the model parameters. Consequently, the intrinsic parameters would be identified to represent the common intrinsic properties and the spastic model parameters would be identified to represent the various responses. Therefore, the session-based identification method is thought to be more reasonable and effective than a trial based method which was generally used in the previous reports. Our study confirmed that the intrinsic properties of skeletal muscles are altered secondary to spasticity in the case of stroke patients. Identified intrinsic parameters were different from the previously reported values of non-spastic subjects. As shown in the result (Table 3) , most elastic (k 1 , k 2, and k 3 ) and viscous (D) parameters were larger than those parameters of without physical disabilities. (11) One possible cause of this would be increased elasticity and viscosity in accordance with the well known complications of spasticity, such as decreased range of motion and increased joint stiffness from significant structural alternations in muscle. (17) From the experimental result of the rest angle, we could observe that most participants had contractures. Another physiologic cause may be a large thixotropic effect of knee muscle. (26) All gravity (G) parameters of the stroke patients were smaller then normal.
One possible reason is the atrophy of paralyzed limbs. The relationship between severity of spasticity and intrinsic mechanical property remains unclear. (7) We confirmed that identified intrinsic parameters were not different between three groups in this work. The simulated spastic torque was the result of the interaction between stretch reflex threshold and gain. The velocity threshold was significantly different between two MAS groups and also among the three groups. Moreover, the identified threshold logarithmically, decreased with EMG duration and also with EMG peaks sum, while the spastic gain did not (Fig. 6 ). This result supports that spasticity could be due to the decrease in stretch reflex threshold accompanied by a suitable modification in gain, as suggested by previous reports. (12) , (13) We suggest that severity of spasticity following stroke is correlated with decreased stretch reflex threshold and our proposed model is adequate for intuitive assessment of spasticity. The proposed method is more effective than the present clinical assessment methods such as MAS and RI. MAS could classify group 3 and other groups. But it could not classify groups 1 and 2, which is one of its limitations, whereas the proposed method showed clear difference of the spastic threshold parameters among these groups (Table 4) . RI has similar limitations. For example, participants 3 and 6 had the same RI value (0.5), but the pendulum trajectory and the duration of EMG were different, as shown in Fig. 11 , which implies that RI could not distinguish their spastic severities. The identified threshold of participant 3 was significantly lower than that of participant 6 (Table 4) . Therefore, it is suggested that the fine distinction of spastic severity which was not possible by MAS or RI is possible with the proposed method. Since there is no clinically used measure of a quantitative difference of inter-grade of MAS, we used the sum of EMG duration during pendulum test for quantitative measure of spasticity in same grade.
Since the effective treatments for muscle contractures and spasticity (change in stretch reflex threshold or gain) are different, a comprehensive diagnosis where the intrinsic and the spastic properties of spastic knee joints is simultaneously evaluated is very important. (14) , (19) , (31) The identified k 3 parameter showed good correlation with rest angle, which is an indicator of muscle contracture (r=0.91, p<0.01), and the threshold and gain were identified reasonably because the threshold could be a indicator of the EMG duration and peaks sum (r>0.9, p<0.01) and the simulated spastic torque matched well with EMG.
Vol. 6, No. 3, 2011 Therefore, it is suggested that the comprehensive identification of the spastic knee joint is possible with the proposed method. The pendulum test with a session-based method may lead to a more directed treatment and will be a helpful tool for the quantitative evaluation of treatment effect.
